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Probing the origin of neutrino mass by disentangling the seesaw mechanism is one of the central
issues of particle physics. We address it in the minimal left-right symmetric model and show how
the knowledge of light and heavy neutrino masses and mixings suffices to determine their Dirac
Yukawa couplings. This in turn allows one to make predictions for a number of high and low
energy phenomena, such as decays of heavy neutrinos, neutrinoless double beta decay, electric
dipole moments of charged leptons and neutrino transition moments. We also discuss a way of
reconstructing the neutrino Dirac Yukawa couplings at colliders such as the LHC.
I. Introduction. In the Standard Model (SM) all par-
ticles get their masses from the vacuum. This profound
mechanism can be verified through the decays of the
Higgs-Weinberg boson [1, 2], apparently found by CMS
and ATLAS [3]. In particular, to every charged fermion
of mass mf corresponds a unique (Dirac) Yukawa cou-
pling, which implies the following branching ratio
Γ
(
h→ ff) ∝ m2f . (1)
What about neutrinos? Being neutral, they could be
described by real Majorana spinors of mass mν [4]. This
happens naturally in the seesaw mechanism when one
adds heavy right-handed (RH) neutrinos of mass mN to
the SM [5]. However, even if one were able to measure
both light and heavy neutrino masses and light neutrino
mixing matrix VL, the Dirac couplings still could not be
unambiguously determined [6, 7]. This is evident from
the expression for the neutrino Dirac yukawa couplings:
MD = i
√
mNO
√
mνV
†
L , (2)
where O is an arbitrary orthogonal complex matrix.
Thus no prediction analogous to (1) can be made for
neutrinos. The portion of parameter space where the
imaginary components of the Euler angles parametrizing
O are large, leads to large ν − N mixing and the origin
of neutrino mass is hidden from the processes that could
probe it.
The question is what happens in a more fundamental
theory, such as the left-right (LR) symmetric model, in-
troduced in order to understand the origin of parity vio-
lation [8]. Historically, this model led to neutrino masses
long before the experiment and also to the seesaw mech-
anism [9, 10].
We show that once the mass matrix of heavy neutrinos
is measured, the relation between heavy and light neutri-
nos can be made definite in the usual manner: one first
measures the particle masses and mixing before predict-
ing Yukawa couplings. The KS [11] production process
of heavy neutrinos allows one to measure their masses
and flavour composition and determine their Majorana
nature [12]. The theory then predicts the Dirac Yukawa
couplings which can in principle be measured at the LHC.
This amounts to probing the origin of neutrino mass,
in complete analogy with the Higgs-Weinberg program
for the charged fermions and gauge bosons.Moreover, it
sheds light on neutrinoless double beta decay and lepton
dipole moments.
II. The Minimal LR Model. The minimal left-
right symmetric model (LRSM) is based on the gauge
group SU(2)L ⊗ SU(2)R ⊗ U(1)B−L, augmented by a
LR symmetry which implies equality of gauge couplings
gL = gR ≡ g. Fermions come in LR symmetric doublet
representations QL,R = (u, d)L,R and LL,R = (ν, `)L,R
and the relevant charged gauge interactions are
Lgauge = g√
2
(
νLV
†
L
/WLeL +NRV
†
R
/WReR
)
+ h.c.. (3)
The Higgs sector consists [9] of a complex bi-doublet
Φ(2, 2, 0) and two triplets ∆L(3, 1, 2) and ∆R(1, 3, 2) with
quantum numbers referring to the LR gauge group.
In the seesaw picture the Majorana neutrino mass ma-
trix is given by [13]
Mν = ML −MTD
1
MN
MD, (4)
where MD is the neutrino Dirac mass matrix, while
ML ∝ M2WL/MWR and MN ∝ MWR are the symmetric
Majorana mass matrices of left- and right-handed neutri-
nos, respectively. The above formula connects the small-
ness of neutrino mass to the scale of parity restoration at
high energies.
It is crucial that there be new physical phenomena that
allow to probe directly1 the Majorana nature of RH neu-
trinos and determine their masses and mixings from ex-
periment [11], as discussed in the following section.
1 In case RH neutrinos are too light to be probed at the LHC, one
may still determine indirectly their masses and mixings as in the
case when the lightest one is the warm dark matter [14].
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2We opt for charge conjugation C as LR symmetry, with
the fields transforming as fL ↔ (fR)c, Φ → ΦT and
∆L ↔ ∆∗R (the case of parity will be discussed else-
where). The mass matrices then satisfy
ML =
vL
vR
MN , (5)
MD = M
T
D , (6)
where vR ≡ 〈∆0R〉 sets the large scale (e.g.: MWR = g vR)
and vL ≡ 〈∆0L〉 is naturally suppressed by the large scale
and can be shown that vL ≤ O(10 GeV) [15]. For the
complex issues related to determining vL, we refer the
reader to [16].
In the case of C, there is a theoretical lower bound on
the LR scale MWR & 2.5 TeV [17, 18], coming essentially
from K−K mixing. It is noteworthy that direct searches
for WR at LHC are now probing this scale [19, 20].
III. From Majorana to Dirac. The above seesaw for-
mula seemingly obfuscates the connection between heavy
and light neutrinos and common lore was that this con-
nection cannot be unravelled [6]. However, since the
Dirac mass matrix must be symmetric, it can be obtained
directly from (4)
MD = MN
√
vL
vR
− 1
MN
Mν , (7)
and thereby one can determine the mixing between
light and heavy neutrinos. The square root of an
n-dimensional matrix always has 2n discrete solutions
which can be found in [21] (ambiguities might arise in
singular points of the parameter space).
The above expression offers a unified picture of the
low energy phenomena such as lepton flavour violation,
lepton number violation through the neutrinoless double
beta decay, electric dipole moments of charged leptons,
neutrino transition moments, neutrino oscillations and
neutrino cosmology. Some examples are discussed be-
low, while the rest will be dealt with in a forthcoming
publication.
It should be mentioned that the determination of the
RH neutrino mass matrix as a function of the Dirac
Yukawa coupling was studied before in [22, 23]. This
approach requires additional theoretical structure such
as quark lepton symmetry and SO(10) unified theories
[23].
Here we wish to show, on the contrary, that without
any new assumption the LRSM is a complete theory of
neutrino masses and mixings, in the sense that the mea-
surements of the heavy sector at colliders can determine
and inter-connect the low energy phenomena, including
those which proceed via Dirac Yukawa couplings. Thus
our program is in the same spirit as the SM: to pre-
dict the couplings with the Higgs-Weinberg boson as a
function of the basic fermion properties such as masses
and gauge mixings. It may take a long time before these
Dirac Yukawa couplings are measured; the essential point
is the capacity of the theory to relate them to the basic
measurable quantities.
On the absence of ambiguity of MD. As expressed
in (2), in the conventional seesaw mechanism MD is un-
determined. On the other hand, in this case (equivalent
to setting vL = 0 in (7)), one gets
MD = iMN
√
M−1N Mν . (8)
The crucial point here is that MD is symmetric and from
this requirement the matrix O can be shown to be fixed
in terms of physical parameters mν ,mN , VL and VR (un-
like in the case of seesaw in the SM, VR is a physical
parameter as defined in (3))
O =
√
mN
√
m−1N V
†
RV
∗
LmνV
†
LV
∗
R V
T
R VL
√
m−1ν . (9)
As can be seen from above, the elements of O take at
most values of order one. Moreover, this parametrisation
offers an alternative method of computing MD which will
be discussed elsewhere.
The case with nonzero vL is completely analogous (see
[24]) and similarly, the matrix O is a function of physical
observables only.
MN from LHC. The mass matrix of light neutrinos
Mν = V
∗
LmνV
†
L (10)
is being probed by low energy experiments, while the one
of heavy neutrinos2
MN = VRmNV
T
R (11)
on the other hand, can be determined at high energy
colliders through the KS reaction [11]. This amounts to
producing WR at the usual Drell-Yan resonance, with
a reach of 5.8 TeV for WR mass and 3.4 TeV for the
N mass at the LHC [25, 26]. One can also verify the
chirality of the new charged gauge boson [25, 27]. Unlike
in the case of WL, where neutrinos act as missing energy,
here the decays of heavy RH neutrinos lead to a lepton
number violating final state of two same-sign leptons and
two jets. Moreover, one can directly probe the Majorana
nature of RH neutrinos through their equal branching
ratios into charged leptons and anti-leptons [11]. Due to
the absence of missing energy in the final state, one can
fully reconstruct the heavy neutrino masses mN from the
invariant mass of one of the leptons and two jets in the
final state [17, 19], together with mixings VR by tagging
the flavour of the final state leptons [28].
While waiting for the LHC to provide this information,
the reader may find it useful to have a simple working
example
VR = V
∗
L . (12)
2 The mass matrix of charged leptons, being symmetric, can be
taken diagonal without loss of generality.
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FIG. 1. Branching ratio for the decay of heavy N to the Higgs-
Weinberg and SM gauge bosons, proceeding via Dirac cou-
plings, exemplified vL = 0 and VR = V
∗
L . The solid (dashed)
line corresponds to MWR = 6(3) TeV.
Although in general (7) may require some computational
tedium, for this example one gets
MD = V
∗
LmN
√
vL
vR
− mν
mN
V †L . (13)
It is easy to see from the generalisation of (9) that O = 1
in this case.
IV. Phenomenological implications. Low scale
LRSM contains a host of experimentally accessible phe-
nomena related to lepton number and flavour viola-
tion [29], both at high and low energies, which we discuss
in this section.
N decay at the LHC. We start with the high energy
probe of MD at the LHC. The crucial thing is that N ,
besides decaying through virtual WR as discussed above,
decays also into the left-handed charged lepton through
MD/MN . In a physically interesting case when N is
heavier than WL, which facilitates its search through the
KS process, the decay into left-handed leptons proceeds
through the on-shell production of WL. For the sake of
illustration we choose again the example of (12), in which
case one can estimate the ratio of N decays in the WL
and WR channels
ΓN→`Ljj
ΓN→`Rjj
' 103 M
4
WR
M2WLm
2
N
∣∣∣∣ vLvR − mνmN
∣∣∣∣ , (14)
which is about a permil for naturally small vL. The
branching ratios for the Higgs-Weinberg and SM gauge
bosons are shown in Fig. 1 (the SM bosons W,Z, h can
decay into a lighter N , but the small couplings make the
corresponding branching ratios too tiny to matter at this
point).
The issue here is how to observe these rare channels.
Ideally, one should measure the chirality of the outgoing
charged lepton [25, 27] and/or establish the kinematics
of the two jets associated with the on-shell production of
WL. This may be a long shot, but could still be feasible
for the LHC with a luminosity in the hundreds of fb−1.
The bottom line is that this probes in principle all the
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FIG. 2. Electron EDM size in the LRSM with Eqs. (12),
vL = 0 and mN1,2,3 = 0.5, 2, 2.5 TeV. The neutrino mixing
angles are fixed at central values provided in [35] and the CP
phases are scanned over.
matrix elements of MD, once the heavy neutrinos are
identified through their dominant WR mediated decays.
This offers a clear program of bringing the issue of the
origin of neutrino mass to the same level of other fermion
masses in the SM.
Electron EDM. One of the most sensitive probes of
new physics beyond the SM is the T and CP-violating
electric dipole moment (EDM) of charged leptons. The
SM contribution arises at four loops [30] and is around
eleven orders of magnitude below the current experimen-
tal limit de < 10
−27 e cm [31]. In the LRSM this process
is significantly enhanced due to the mixing ξLR of left and
right gauge bosons. The leading amplitude is present at
one loop [32, 33]
de =
eGF
4
√
2pi2
Im
[
ξLRVRF (t)V
†
RMD
]
ee
, (15)
where
F (t) =
t2 − 11t+ 4
2(t− 1)2 +
3t2 log t
(t− 1)3 , t =
m2N
M2WL
. (16)
There are strong limits on the ξLR but, in any case, it is
automatically small due to the suppression of the heavy
gauge boson mass. It is bounded by
α
4pi
mtmb
M2WR
. |ξLR| .
M2WL
M2WR
, (17)
with a lower bound resulting from radiative electroweak
corrections [34].
Taking the example in (12), the size of the EDM is
shown in Fig. 2 as a function of the lightest neutrino
mass for two different neutrino hierarchies. These values
can be probed by future experiments [36]. In the case
when the LR mixing is close to its lower bound, one has
to go beyond the one loop approximation [37], but in that
case the experimental outlook seems bleak and we do not
pursue it here.
In the context of LRSM, EDM is a manifestly CP-odd
process sensitive to Majorana and Dirac phases, comple-
mentary to [38]. This can easily be checked using the
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FIG. 3. Electron EDM size and the effective mass for neu-
trinoless double beta computed with the same choice of pa-
rameters as in Fig. 2. The mass of WR is fixed at 4 TeV and
p = 193 MeV [41].
example of Eq. (13) in the EDM expression in Eq. (15)
where the CP phases do not cancel out.
Neutrinoless double beta decay. The importance
of this textbook example of lepton number violation
was recognized in [39] soon after the seminal work of
Majorana [4]. The LRSM offers new sources for this
process [13] that has been studied extensively over the
years [40]. In particular, an in-depth analysis [41] (see
also [42]) was recently performed on the connection be-
tween neutrinoless double beta decay (and lepton flavour
violation) at low energies and the KS process [11] at col-
liders.
Although the main source of this process in LRSM is
due to the exchange of the heavy neutrinos, there is an
additional contribution proportional to the Dirac mass
matrix. We express it in the usual form of an effective
mass term
meeνN =
(
ξLR + η
M2WL
M2WR
)
p
(
M−1N MD
)
ee
, (18)
where p ' 100 MeV [41] and η ' 10−2 [43] are deter-
mined by nuclear physics considerations.
As a consequence of (7), the contribution in (18) is
subleading for naturally small values of vL (a possible
contribution of heavy neutrinos without WR [44] is also
suppressed) and the total decay rate is governed by the
effective mass parameter
|meeν+N |2 =
∣∣V 2Lejmνj ∣∣2 +
∣∣∣∣∣p2M4WLM4WR
V 2Rej
mNj
∣∣∣∣∣
2
. (19)
Since |meeν+N | and the size of the electron EDM both
depend on the heavy neutrino mass, there is a correlation
between the two processes, which is shown in Fig. 3. The
values of mN are chosen for illustration purpose only.
Neutrino transition moments. By defining
M = ξ∗LRV
T
L m`M
−1
N MDVL, (20)
we get the following matrix of neutrino magnetic transi-
tion moments
µ =
ieGF√
2pi2
Im
[
M +M†
]
. (21)
This result was already derived in [45] and can be re-
produced using [33]. Here, we neglect the contribution
from light neutrino masses, which is roughly nine orders
of magnitude smaller than the current experimental limit
µ < 2× 10−10µB [46]. One should keep in mind that the
Majorana transition moments in the SM (with non-zero
neutrino mass) are negligibly small µSM ' 10−23µB [46].
It is easy to see that (21) gives roughly µ ' 10−19µB
for generic values of MD in (7), still a hopelessly small
value. Therefore an observation of neutrino transition
moments would deal a serious blow to the LRSM.
V. Conclusions and Outlook. In the SM the knowl-
edge of charged fermion masses uniquely predicts Higgs
decay branching ratios. As shown here, exactly the same
happens in the LRSM for the masses of light and heavy
neutrinos. The reason behind this is the LR symmetry
itself which allows one to compute the Dirac Yukawa cou-
plings in the context of the seesaw mechanism.
The main result of our paper is summarised in Eq. (7).
Its phenomenological impact is exemplified both on high
energy frontier at the LHC and on the phenomena of neu-
trinoless double beta decay, dipole moments of charged
leptons and neutrino transition moments. This result
was achieved at no expense of imposing additional ad-
hoc symmetries but by the structure of the theory itself.
The bottom line is that one can predict and measure
the Dirac neutrino Yukawa couplings in complete anal-
ogy with SM situation for charged fermions.
It is interesting to compare our program to the one
followed over the years in the quark sector of the LRSM.
Here, we took the conventional path of predicting the
Yukawa couplings from the knowledge of particle masses
and mixings. In the quark sector, on the contrary, the
symmetry of quark mass matrices was historically used
to fix the flavour structure of the right-handed gauge in-
teraction, which led to the strict bound on the LR scale.
Now, with the advent of LHC, the conventional route can
be taken up again.
Acknowledgments. We thank A. Melfo for the inspi-
rational version of the first abstract and F. Nesti for the
early stages of collaboration and an important sugges-
tion. We thank B. Bajc, A. Melfo and F. Nesti for a
careful reading of the manuscript. Also, we would like
to thank K. Babu and Y. Zhang for useful discussions
and comments. We acknowledge the continuing warm
hospitality of BIAS. Special thanks are due to Ivo and
Sonja Brzovic´ for their kind hospitality, care and encour-
agement. V.T. is deeply grateful to Deniz for support.
Lastly, we very much appreciate the insightful and care-
ful comments of the Referees, which helped improve both
the physics and presentation of this work.
5[1] To the best of our knowledge, the existence of this boson
was discussed during the annus mirabilis of 1964 only in
P. W. Higgs, Phys. Rev. Lett. 13 (1964) 508.
[2] The precise properties (including the essential Yukawa
couplings) of this particle were spelled out in S. Wein-
berg, Phys. Rev. Lett. 19 (1967) 1264.
[3] G. Aad et al. [ATLAS Collaboration], Phys. Lett. B 716
(2012) 1. S. Chatrchyan et al. [CMS Collaboration], Phys.
Lett. B 716 (2012) 30.
[4] E. Majorana, N. Cim. 14 (1937) 171.
[5] For a comprehensive review on neutrino mass, see:
R. N. Mohapatra and A. Y. Smirnov, Ann. Rev. Nucl.
Part. Sci. 56 (2006) 569 [hep-ph/0603118]. A. Strumia
and F. Vissani, hep-ph/0606054.
[6] J. A. Casas and A. Ibarra, Nucl. Phys. B 618 (2001) 171
[7] For a recent discussion of these issues see e.g. A. de Gou-
vea, W. -C. Huang and S. Shalgar, Phys. Rev. D 84
(2011) 035011 [arXiv:1007.3664 [hep-ph]].
[8] J.C. Pati, A. Salam, Phys. Rev. D 10 (1974) 275;
R. N. Mohapatra, J.C. Pati, Phys. Rev. D 11 (1975)
2558; G. Senjanovic´, R. N. Mohapatra, Phys. Rev. D 12
(1975) 1502; G. Senjanovic´, Nucl. Phys. B 153 (1979)
334.
[9] P. Minkowski, Phys. Lett. B 67 (1977) 421; R. N. Moha-
patra, G. Senjanovic´, Phys. Rev. Lett. 44 (1980) 912.
[10] T. Yanagida, Workshop on unified theories and baryon
number in the universe, ed. A. Sawada, A. Sugamoto
(KEK, Tsukuba, 1979); S. Glashow, Quarks and lep-
tons, Carge`se 1979, ed. M. Le´vy (Plenum, NY, 1980);
M. Gell-Mann et al., Supergravity Stony Brook workshop,
New York, 1979, ed. P. Van Niewenhuizen, D. Freeman
(North Holland, Amsterdam, 1980).
[11] W.-Y. Keung, G. Senjanovic´, Phys. Rev. Lett. 50 (1983)
1427.
[12] For recent reviews, see: G. Senjanovic´, Int. J. Mod. Phys.
A 26 (2011) 1469 [arXiv:1012.4104 [hep-ph]]; G. Sen-
janovic´, Riv. Nuovo Cim. 034, 1 (2011).
[13] R. N. Mohapatra, G. Senjanovic´, Phys. Rev. D23 (1981)
165.
[14] M. Nemevsˇek, G. Senjanovic´ and Y. Zhang, JCAP
1207 (2012) 006 [arXiv:1205.0844 [hep-ph]]; F. Bezrukov,
H. Hettmansperger and M. Lindner, Phys. Rev. D 81,
085032 (2010) [arXiv:0912.4415 [hep-ph]].
[15] A. Melfo, M. Nemevsˇek, F. Nesti, G. Senjanovic´
and Y. Zhang, Phys. Rev. D 85 (2012) 055018
[arXiv:1108.4416 [hep-ph]].
[16] An non exhaustive list of references: P. Fileviez Perez,
T. Han, G. -y. Huang, T. Li and K. Wang, Phys.
Rev. D 78 (2008) 015018 [arXiv:0805.3536 [hep-ph]].
S. Godfrey and K. Moats, Phys. Rev. D 81 (2010)
075026 [arXiv:1003.3033 [hep-ph]]. C. -W. Chiang, T. No-
mura and K. Tsumura, Phys. Rev. D 85 (2012) 095023
[arXiv:1202.2014 [hep-ph]].
[17] A. Maiezza, M. Nemevsˇek, F. Nesti and G. Senjanovic´,
Phys. Rev. D 82 (2010) 055022; [arXiv:1005.5160 [hep-
ph]].
[18] Y. Zhang, H. An, X. Ji and R. N. Mohapatra, Nucl. Phys.
B 802 (2008) 247 [arXiv:0712.4218 [hep-ph]]; M. Blanke,
A. J. Buras, K. Gemmler and T. Heidsieck, JHEP
1203 (2012) 024 [arXiv:1111.5014 [hep-ph]]; S. Bertolini,
J. O. Eeg, A. Maiezza and F. Nesti, Phys. Rev. D 86
(2012) 095013 [arXiv:1206.0668 [hep-ph]].
[19] M. Nemevsˇek, F. Nesti, G. Senjanovic´ and Y. Zhang,
Phys. Rev. D 83 (2011) 115014 [arXiv:1103.1627 [hep-
ph]];
[20] S. Chatrchyan et al. [ CMS Collaboration],
arXiv:1210.2402 [hep-ex]; G. Aad et al. [ATLAS Collabo-
ration], Eur. Phys. J. C 72 (2012) 2056 [arXiv:1203.5420
[hep-ex]].
[21] Gantmacher F. R., The theory of matrices, Vol. 1.
Chelsea Pub. Co., New York, (1960).
[22] D. Falcone, Phys. Rev. D 68 (2003) 033002 [hep-
ph/0305229].
[23] E. K. Akhmedov and M. Frigerio, Phys. Rev. Lett. 96
(2006) 061802 [hep-ph/0509299]. P. Hosteins, S. Lavignac
and C. A. Savoy, Nucl. Phys. B 755 (2006) 137 [hep-
ph/0606078]. E. K. Akhmedov and M. Frigerio, JHEP
0701 (2007) 043 [hep-ph/0609046].
[24] E. K. Akhmedov and W. Rodejohann, JHEP 0806
(2008) 106 [arXiv:0803.2417 [hep-ph]].
[25] A. Ferrari, J. Collot, M-L. Andrieux, B. Belhorma, P. de
Saintignon, J-Y. Hostachy, P. .Martin and M. Wielers,
Phys. Rev. D 62 (2000) 013001.
[26] S. N. Gninenko, M. M. Kirsanov, N. V. Krasnikov and
V. A. Matveev, Phys. Atom. Nucl. 70 (2007) 441.
[27] T. Han, I. Lewis, R. Ruiz and Z. -g. Si, arXiv:1211.6447
[hep-ph].
[28] For studies regarding the flavour of heavy neutrinos
in LR models at LHC, see S. P. Das, F. F. Dep-
pisch, O. Kittel and J. W. F. Valle, Phys. Rev. D 86
(2012) 055006 [arXiv:1206.0256 [hep-ph]]; J. A. Aguilar-
Saavedra and F. R. Joaquim, Phys. Rev. D 86 (2012)
073005 [arXiv:1207.4193 [hep-ph]]. For multi lepton final
state and determination of chirality of W ′ using the KS
process, see C. -Y. Chen and P. S. B. Dev, Phys. Rev. D
85 (2012) 093018 [arXiv:1112.6419 [hep-ph]];
[29] V. Cirigliano, A. Kurylov, M. J. Ramsey-Musolf and
P. Vogel, Phys. Rev. Lett. 93 (2004) 231802
[30] M. Pospelov and A. Ritz, Annals Phys. 318 (2005) 119
[hep-ph/0504231].
[31] J. J. Hudson, D. M. Kara, I. J. Smallman, B. E. Sauer,
M. R. Tarbutt and E. A. Hinds, Nature 473 (2011) 493.
[32] An original calculation in the context of LRSM can be
found in J. F. Nieves, D. Chang and P. B. Pal, Phys.
Rev. D 33 (1986) 3324.
[33] For a complete general study of this and similar one loop
transitions, see: L. Lavoura, Eur. Phys. J. C 29 (2003)
191 [hep-ph/0302221].
[34] G. C. Branco and G. Senjanovic´, Phys. Rev. D 18 (1978)
1621.
[35] M. C. Gonzalez-Garcia, M. Maltoni, J. Salvado and
T. Schwetz, arXiv:1209.3023 [hep-ph].
[36] http://electronedm.org
[37] D. Atwood, C. P. Burgess, C. Hamzaoui, B. Irwin and
J. A. Robinson, Phys. Lett. B 256 (1991) 471.
[38] A. de Gouvea, B. Kayser and R. N. Mohapatra, Phys.
Rev. D 67 (2003) 053004 [hep-ph/0211394].
[39] G. Racah, N. Cim. 14 (1937) 322; W. H. Furry, Phys.
Rev. 54 (1938) 56; W.H. Furry, Phys. Rev. 56 (1939)
1184.
[40] For a recent review, see: W. Rodejohann, Int. J. Mod.
Phys. E 20, 1833 (2011) [arXiv:1106.1334 [hep-ph]].
6[41] V. Tello, M. Nemevsˇek, F. Nesti, G. Senjanovic´
and F. Vissani, Phys. Rev. Lett. 106 (2011) 151801
M. Nemevsˇek, F. Nesti, G. Senjanovic´ and V. Tello,
arXiv:1112.3061 [hep-ph].
[42] J. Chakrabortty, H. Z. Devi, S. Goswami and S. Patra,
JHEP 1208 (2012) 008 [arXiv:1204.2527 [hep-ph]].
[43] M. Doi, T. Kotani and E. Takasugi, Prog. Theor.
Phys. Suppl. 83 (1985) 1. K. Muto, E. Bender and
H. V. Klapdor, Z. Phys. A 334 (1989) 187. M. Hirsch,
H. V. Klapdor-Kleingrothaus and O. Panella, Phys. Lett.
B 374 (1996) 7 [hep-ph/9602306].
[44] A. Atre, T. Han, S. Pascoli and B. Zhang, JHEP 0905
(2009) 030 [arXiv:0901.3589 [hep-ph]]. M. Mitra, G. Sen-
janovic´ and F. Vissani, Nucl. Phys. B 856 (2012) 26
[arXiv:1108.0004 [hep-ph]]. M. Mitra, G. Senjanovic´ and
F. Vissani, arXiv:1205.3867 [hep-ph]. J. Lopez-Pavon,
S. Pascoli and C. -f. Wong, arXiv:1209.5342 [hep-ph].
[45] M. Czakon, J. Gluza and M. Zralek, Phys. Rev. D 59
(1999) 013010.
[46] C. Broggini, C. Giunti and A. Studenikin, Adv. High
Energy Phys. 2012 (2012) 459526 [arXiv:1207.3980 [hep-
ph]].
